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Abstract
Background: Despite its role as a generator of haplotypic variation, little is known about how the rates of
recombination evolve across taxa. Recombination is a very labile force, susceptible to evolutionary and life trait
related processes, which have also been correlated with general levels of genetic diversity. For example, in plants,
it has been shown that long-lived outcrossing taxa, such as trees, have higher heterozygosity (He) at SSRs and
allozymes than selfing or annual species. However, some of these tree taxa have surprisingly low levels of
nucleotide diversity at the DNA sequence level, which points to recombination as a potential generator of genetic
diversity in these organisms. In this study, we examine how genome-wide and within-gene rates of recombination
evolve across plant taxa, determine whether such rates are influenced by the life-form adopted by species, and
evaluate if higher genome-wide rates of recombination translate into higher He values, especially in trees.
Results: Estimates of genome-wide (cM/Mb) recombination rates from 81 higher plants showed a significant
phylogenetic signal. The use of different comparative phylogenetic models demonstrated that there is a positive
correlation between recombination rate and He (0.83 ± 0.29), and that trees have higher rates of genome-wide
recombination than short-lived herbs and shrubs. A significant taxonomic component was further made evident by
our models, as conifers exhibited lower recombination rates than angiosperms. This trend was also found at the
within-gene level.
Conclusions: Altogether, our results illustrate how both common ancestry and life-history traits have to be taken
into account for understanding the evolution of genetic diversity and genomic rates of recombination across plant
species, and highlight the relevance of species life forms to explain general levels of diversity and recombination.
Background
Recombination, the re-assortment of genetic variation
into novel haplotypic arrangements by both homologous
crossover and gene conversion [1], is one of the main
sources of genetic diversity in Eukaryotes. It decouples
neutral variation from linked deleterious mutations that
are consistently eliminated by selection, and from bene-
ficial variants, which would tend to be fixed [2]. Recom-
bination can potentially increase haplotype variation and
expected heterozygosity (He) [3], either directly (for
instance, if mutagenic) or indirectly (through the effects
of selection). Thus, a higher recombination rate should
translate in higher genetic diversity within a given geno-
mic region, population or even species.
At the within species level, recent evidence from DNA
sequence analyses has shown that recombination might
be as, if not more, frequent as mutation (e.g. [3] in wild
barley, [4] in Scots pine). These observations also hint
that there could be a positive correlation between the
rate of recombination and He. Although such as associa-
tion is not always straightforward due to the labile nat-
ure of recombination and its susceptibility to selective,
stochastic and life trait related processes [e.g. [5-8]], a
direct and positive correlation between the rate of
recombination and heterozygosity is expected under
recurrent background selection regimes [9,10]. Indeed,
such a correlation has been observed in both animals
and plants [e.g. [11-15]], although balancing selection,
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selective sweeps and/or higher mutation than recombi-
nation rates [e.g. [16,17]] could have the capability to
blur it within a few generations.
Across species, little is known about how the rate of
recombination evolves or how it is correlated with the
average levels of genetic diversity. In mammals, the
comparison of orthologous gene regions within and
across species has shown that a shared evolutionary his-
tory is a poor predictor of the rate of recombination
[18], which suggests that such a rate evolves at a rather
fast pace at short scales within the genome. However,
this pattern does not seem to be extended at the average
or genome-wide level, as the rates of recombination,
measured from genetic maps, showed a strong phyloge-
netic signal, with more closely related species having
more similar recombination rates [19]. Such results
might be due to the fact that broad-scale recombination
rates are constrained by meiotic mechanisms during the
disjunction of homologous chromosomes [e.g. [20,21]].
As a consequence, in mammals, the rate of evolution of
the genome-wide rate of recombination could be much
slower [19]. Such information is still missing in plants,
although a similar correlation between species related-
ness and genome-wide recombination rate could be
expected given the fast speciation rates of some lineages,
especially angiosperms, and the fact that the disjunction
of plant homologous chromosomes is ruled by similar
constraints that in animals [20].
The average levels of He are, on the other hand,
expected to change quickly and on short evolutionary
time scales due to their sensibility to stochastic forces
[22]. Among higher plants, the widespread, outcrossing
and perennial taxa have consistently higher He at allo-
zymes and SSRs than their endemic, selfing or annual
counterparts, independently of any possible phylogenetic
relationship [22,23]. Nevertheless, sequencing
approaches in trees, most of them widespread, outcross-
ing and perennial, have surprisingly shown that these
taxa, in spite of their high average heterozygosities, bear
relatively low levels of nucleotide diversity at the DNA
sequence level when compared to plants with different
growth habits [reviewed by [24]]. These results could be
the product of a phylogenetic artefact, given that most
of the trees studied so far belong to particular clades (e.
g. conifers, Populus). However, this apparent contradic-
tion could also suggest that recombination, instead of
mutation, might be more involved in maintaining or
generating the high levels of He observed in trees, than
in shrubs or herbs.
In this context, it follows then that three hypotheses
are worth testing: (i) whether the genome-wide rate of
recombination of higher plants shows a phylogenetic
signal; (ii) whether these rates differ between species
life-form (tree, shrub or herb), with trees having higher
rates of recombination than other plant life-forms; and
(iii) whether higher rates of genome-wide recombination
translate into higher levels of He. In the present study,
we addressed these three key issues on higher plants by
using a comparative phylogenetic approach on a large
sample of average rates of recombination, estimated
from total genetic map lengths and physical genome
sizes, and mean values of He, calculated with SSR loci.
We provide a first insight into the evolution of the gen-
ome-wide recombination rate across plant lineages, and
show how this source of genetic variation is affected by
different life traits once the phylogenetic signals of all
parameters are accounted for. The control of such sig-
nals allowed us to discern whether species share similar
levels of recombination due to common ancestry and/or
to convergent life-history traits, such as growth habit,
that have arisen independently in different lineages [e.g.
[25-27]]. Finally, we made a preliminary survey on the
plant nucleotide sequences available on public databases,
in order to determine if the trends observed across spe-
cies at the genome level can also be observed at the
within-gene scale.
Results
Estimates of genome-wide rate of recombination and He
at SSR loci were gathered for 81 higher plant species
(i.e. dicots, monocots and conifers) that were classified
according to their type of life-form (tree, shrub or herb).
A preliminary standard correlation analysis (i.e. uncor-
rected for the phylogenetic relationships among species)
revealed that these two traits were negatively correlated,
and that trees had higher recombination rates than
herbs but similar to shrubs (Table 1). However, the
examination of the phylogenetic distribution of our data
suggested that closely related species, such as conifers,
tended to have similar rates of recombination, as
revealed by their close location at the bottom-right cor-
ner of Fig. 1a, and by an analysis of residuals (not
shown). Such a trend was made further evident after
mapping the rates of recombination of our 81 species in
a phylogenetic tree (Fig. 2). A set of standardized phylo-
genetically independent contrasts (PICs) made at the
tips of this tree revealed a significant phylogenetic signal
for this trait (K = 0.35; P < 0.001), as the observed var-
iance of the PICs for the recombination rate (0.0433)
was much lower than expected by chance (0.2469).
Following these results, a new GLM model was built
by taking the phylogenetic relationships of species into
account. This model revealed a positive and significant
correlation (0.83 ± 0.29) between the genome-wide rate
of recombination and He (Fig. 1b), and showed that life-
form explained a significant portion of the variation
found in the rate of recombination across taxa
(Table 1). The individual coefficients estimated for each
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particular trait integrated into this model further
revealed that the rate of recombination in trees was sig-
nificantly higher (-1.52 ± 0.99) than in herbs (-2.38 ±
1.03; P = 0.023), and marginally superior than in shrubs
(-2.25 ± 1.06; P = 0.090; Fig. 3).
In order to avoid any potential bias due to the unu-
sually large genome size of conifers (see ref. [28] and
Additional file 1), a second phylogeny-corrected model
was built after separating these taxa from the angios-
perm trees. This model also revealed a positive and sig-
nificant correlation between the genome-wide rate of
recombination and He, with a very similar value to the
one obtained with the previous model (0.84 ± 0.22).
Furthermore, an important effect of life form, with coni-
fer trees having significantly lower recombination rates
than angiosperm trees and shrubs (Table 1, Fig. 3), was
also observed with this model.
Finally, in order to determine if the trends observed at
the genome-wide level could also be inferred at a finer
scale (i.e. within the gene space), a comparative analysis
was performed on within-gene recombination rates
recalculated from available nuclear gene DNA sequences
retrieved from public databases (see Additional file 2).
Briefly, only DNA sequences from single-copy nuclear
genes spanning at least 800 base pairs (bp), having a
minimum of 10 segregating sites, and sampled for more
than 20 chromosomes were taken into account. Shorter
sequences, sequences that were obtained from diploid,
and thus unphased material, or sequences obtained
from only a few (i.e. less than 20) individuals were delib-
erately excluded. This reduced dramatically the sample
size of the survey, but assured us the possibility of cal-
culating the most accurate recombination rates possible
(see Materials & Methods for more details).
The patterns obtained roughly point in the same
direction than the trends observed at the genome-wide
level (Kruskal-Wallis test; P < 0.01; see Additional file
2). All the within-gene recombination rate estimates (i.e.
Rm, rMC, rT05, rMC/θMC and rT05/θT05) were lower in
conifers than in angiosperms, while most of the non-
conifer trees exhibited higher values than the non-
domesticated herbs and shrubs, with the possible excep-
tion of Zea mays ssp. parviglumis. These results are
obviously only exploratory, but they do open the door
for extended comparisons once enough genomic data
and physical genetic maps are available.
Discussion
The different models implemented in this study provide
evidence that the genome-wide rate of recombination
evolves slowly across higher plant lineages, with phylo-
genetically close species having more similar rates than
distantly related taxa. In addition, once phylogenetic
relatedness is accounted for, a positive and significant
correlation between the average rate of recombination
and He was observed, with life-form explaining a sub-
stantial part of the differences observed across taxa.
However, the significant taxonomic component made
evident by our models, particularly when the conifer
trees were considered separately from their angiosperm
counterparts, suggests that additional ancestral evolu-
tionary features are also playing a key role modelling
both He and the genome-wide rate of recombination,
especially in long-lived taxa such as forest trees.
Phylogenetic signal of plant genome-wide rate of
recombination
The phylogenetically independent contrasts performed
herein demonstrate that the average rate of recombina-
tion is a relatively well conserved trait among closely
related plant lineages. Both the large number of species
(81) included, and the use of randomised datasets to
determine significance, provided enough power to detect
the presence (or absence) of a phylogenetic signal in our
recombination rate data. The distribution of values was
clearly non-random (Figs. 1a &2), which suggests that
the genome-wide rate of recombination of one species
Table 1 Different generalized linear models (GLMs) showing the relationship between the genome-wide rate of
recombination (log-transformed), the expected heterozygosity (He) at SSRs and the life-form of 81 higher plant
species.
Uncorrected modela Phylogeny-corrected model #1a Phylogeny-corrected model #2b
Estimate S.E p-value Estimate S.E p-value Estimate S.E p-value
Intercept 0.842 0.451 0.066 -1.527 0.999 0.150 -0.135 0.729 0.856
Diversity -1.206 0.691 0.085 0.836 0.296 0.014 0.847 0.149 9.5 × 10-5
Life form
Herbs -0.645 0.275 0.021 -0.858 0.334 0.023 -0.892 0.168 1.8 × 10-4
Shrubs -0.235 0.451 0.604 -0.726 0.396 0.090 -0.744 0.201 2.8 × 10-3
Conifer trees — — — — — — -2.624 0.993 2.2 × 10-2
a In these two models, all trees (conifers and angiosperms) were considered as a single life-form, which was fixed as baseline for the contrasts.
b In this model, the conifer and angiosperm trees were considered as separate “life-forms”. The angiosperm trees were fixed as baseline for the contrasts.
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Figure 1 Correlation between the genome-wide rate of recombination and He in 81 higher plants species. Genome-wide rate of
recombination decreases with He when the phylogenetic relationships of species are not taken into account (A), but increases when these
relationships are accounted for by means of phylogenetic independent contrasts (PICs) (B). In box A, each species has been labelled according
to its life-form (herb, shrub, angiosperm tree or conifer tree).
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could be used to predict the same measure in related
taxa for which no genetic map is still available [19].
Such a possibility is reinforced by the high levels of syn-
teny and macro-colinearity observed in comparative
genetic mapping surveys among congeneric taxa (e.g.
[29] in the Rosacea, [30] in conifers). However, particu-
lar issues related to the selective or stochastic forces
that shape independently each particular species might
tend to blur these predictions. Indeed, different ecologi-
cal and selective patterns might result in altered levels
of recombination [6-8]. For example, domesticated
plants tend to have higher rates of recombination than
their wild ancestors or relatives [7]. Nevertheless, our
comparative analyses pointed out that the putative dif-
ferences between the genome-wide recombination rates
of domesticated taxa and their undomesticated relatives
were low when they were compared to the differences
observed between distantly related species (see Materials
& Methods for more details).
Plant life-form and genome-wide rate of recombination
The simultaneous presence of high He estimates at allo-
zymes and SSRs [22,23] and high genome-wide rates of
recombination observed in trees when compared to
other plant life-forms, suggests that recombination
might be playing a relevant role in generating genetic
diversity in these taxa. Common biological traits of
trees, such as their large population sizes, extensive gene
flow, outcrossing mating systems and long generation
times, point to common evolutionary forces that might
be shaping their amounts of genetic diversity in a simi-
lar way [22,31]. These common traits have been often
invoked to explain the differences observed in substitu-
tion and diversification rates between woody angiosperm
lineages and their herbaceous counterparts [e.g. [25-27]].
Further tree life-history features, such as their higher
basic number of chromosomes, have also hinted that
they might have higher genome-wide recombination
rates than herbs or shrubs [32,33]. This factor is
expected to promote diversity through its direct impact
on the number of crossing-overs and thus, in the rate of
genome-wide recombination. However, previous works
have shown, by correlating the number of chiasmata per
bivalent with different plant biological traits, that peren-
nial and outcrossing angiosperms (including trees) had
lower recombination rates than their annual or selfing
counterparts [7]. The contradiction between these find-
ings and our results might be explained by the impor-
tant contribution of gene conversion to the mean rate of
recombination in higher plants. Such a contribution (as
estimated by f, the ratio of gene conversion to cross-
over) spans between 0.5 and 14 [e.g. [2,34,35]], and it is
not comprised in the direct count of chiasmata, while it
is included in the recombination rates derived from
total genetic map lengths [19], such as those estimated
herein. However, for this to be true, it is necessary that
the rate of gene conversion varies systematically
between perennials-outcrossers and annual-selfers.
Although so far there is no evidence for such a differ-
ence, it is expected that species with higher average He,
such as forest trees, will exhibit higher rates of gene
conversion because gene conversion can only be
detected in heterozygous sites [3,35,36]. In any case, the
growing number of surveys estimating the contribution
of gene conversion to recombination should eventually
allow testing for such eventual differences between trees
and other plant life-forms.
Correlation between recombination rates and
heterozygosity
The contribution of recombination to genetic diversity,
especially He, and the putative correlation of these two
factors has received increasing attention in the recent
years. Various theoretical works predict that, within a
genome, there should be a positive correlation between
the rate of recombination and genetic diversity at neu-
tral loci under different regimes such as common selec-
tive sweeps, genetic hitchhiking combined with low
mutation rates and/or background selection [9,10]. Such
Figure 2 Phylogenetic distribution of the genome-wide rate of
recombination for 81 higher plant species classified according
to their life-form. Dot sizes are proportional to the recombination
rate following the scale shown below the tree. The life-form of each
species is indicated by rectangles (trees), diamonds (shrubs) or
triangles (herbs) in front of each clade.
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a correlation has been indeed observed in different plant
and animal taxa [e.g. [11-15]]. However, such regimes
would hardly explain the correlation observed herein
across higher plants, unless the same selective forces
were acting in the same direction and determining, in
the very same way, the genetic variability across closely
related species. An alternative explanation would be that
differences in Ne or other life-trait related factors
observed across taxa, such as gene flow or generation
time length, were simultaneously affecting the rate of
genome-wide recombination and He [37]. On the other
hand, several authors have remarked the mutagenic
potential of recombination and its role in increasing
nucleotide diversity [e.g. [2,38,39]]. For instance, an
increased mutation rate has been observed during meio-
sis, and many of the newly detected mutations appeared
to be correlated with neighbouring crossover events
[38]. Such a correlation, if present across different spe-
cies, might indeed explain the association observed
herein between the average rate of recombination and
He. Moreover, if the mutation rate is indeed higher in
regions with high recombination, then a correlation
between recombination rate and heterozygosity could
also be expected at a finer scale, for example among
orthologous genes across species.
Genome-wide vs. fine-scale recombination rates
Several studies have shown that the plant genome struc-
ture is highly heterogeneous and that recombination is
not randomly distributed, occurring primarily within
genes (reviewed by [2,40]). Such observation is rein-
forced by the similar gene-map lengths and the highly
variable physical genome sizes reported for plant species
(see Additional file 1), and thus raises the question of
whether the trends observed herein for the genome-
wide recombination rates can also be detected at a finer
scale. Although an exhaustive analysis such as the one
performed for the genome-wide estimates is out of
scope for this study, and is probably still not possible
due to the limited quantity of available data, this
hypothesis was preliminarily tested by recalculating
within-gene recombination rates on DNA sequences
retrieved from public databases (see Additional file 2).
Figure 3 Estimates of (log) genome-wide rate of recombination fitted to a phylogeny-corrected model for 81 higher plant species.
Bars represent ± 1 S.E. confidence intervals. Species were classified according to their life-form (herbs, shrubs or trees) and considering
angiosperm (Ang) and conifer trees separately. Significant differences in the logarithm of recombination rates between life forms are indicated
with different letters.
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Interestingly, trends were similar to those found for gen-
ome-wide recombination estimates, with conifers show-
ing lower recombination than angiosperms and non-
conifer trees (albeit very few data is available for this
group) having higher values than herb and shrubs.
These similar levels of conservation in recombination
rates inferred at different scales across plant species
strongly differ from what has been reported for mam-
mals. In these taxa, the rates of recombination at short
scales appear to evolve faster than the rates at the gen-
ome-wide level [19], which suggest that different evolu-
tionary forces might be operating at these scales. This
opens two new questions that can be answered only ten-
tatively for higher plants: at which scale is the rate of
recombination evolving across-species? And, in conse-
quence, what is the most evolutionary significant way of
measuring recombination? If recombination occurs more
often at the gene level, for example within gene hotspots,
then the rates displayed in Additional file 2 should be the
best way of measuring recombination. On the other
hand, if there is a substantial portion of the total recom-
bination events taking place at intergenic regions, and
these events affect fitness, then the average genome
recombination rates (Additional file 1) would be the
most appropriate estimate. The answer to these questions
is particularly important for understanding the evolution
of conifers, which are in direct opposition to the general
trend observed for angiosperms, where species with lar-
ger genomes have higher rates of recombination [7].
Conifers vs. angiosperms
Among the surveyed tree species, conifers seemed to be
a remarkable exception. Most of the genome-wide
recombination estimates for these taxa were far lower
than those from angiosperms (Figs. 1 &3; Additional file
1). Indeed, conifers were one of the clades that contrib-
uted the most to the differences observed between the
non-phylogenetically and the phylogenetically-controlled
models (Table 1 and Fig. 1). These differences suggest
that the low rate of genome-wide recombination is an
ancestral trait in conifers, and highlight the importance
of considering phylogenetic relationships in comparative
analyses such as those performed herein.
Different features of the conifer genome, like its large
size, relatively small proportion of gene space and high
amount of repetitive elements [28,41], can explain their
low rates of genome-wide recombination. Previous
genomic and sequencing initiatives have shown that
conifers have a similar amount of genes, but within sig-
nificantly larger genomes than angiosperms, a difference
that is mainly due to a more ancient and substantial
proliferation of repetitive and transposable elements
[41]. In model plants (i.e. maize, rice and Arabidopsis),
the genome regions where these elements occur have
reduced levels of recombination [e.g. [2,40,41]], which
hints that whole genomes rich in these repetitive and
transposable elements, such as those from conifers,
could have lower average recombination rates, such as it
is shown in the present study. These elements have
been previously associated with important structural and
regulatory functions in model angiosperms [2,41], but
their roles are still to be determined in other taxa.
The patterns exhibited by conifers, high levels of He
along with low amounts of nucleotide diversity at candi-
date genes (see [24] and Additional file 2) and low
recombination rates at both the genome and within-gene
scales, suggest that these species may have faced particu-
lar evolutionary forces that distinguish them from angios-
perm trees. These forces could include frequent
balancing selection and variation of mutation rates
between coding genes and non-coding intergenic regions.
On the other hand, it is also worth mentioning that some
of the observed patterns could be due to imprecisions in
the estimation of genome-wide recombination rates in
conifers, prompted by the presence of large non-recom-
bining regions or low gene density in large parts of the
genome [e.g. [10]]. This would allow for high levels of He
in low recombination regions, which could be maintained
by large ancestral population sizes and/or hybridization
among related species [42,43], such as has been observed
in Arabidopsis lyrata [44]. However, all these possibilities
could only be explored once large genome-wide molecu-
lar datasets that include regions outside the gene space,
pedigree surveys, and physical maps are available for a
good number of conifers.
Conclusions
Altogether, the results of the present study suggest that
recombination is correlated with genetic diversity in
higher plants, and that its effect is dependent on life-form,
being more important in trees than in herbs or shrubs.
This trend was observed at the genome-wide level, but
could also hold at the within-gene scale. In addition,
recombination not only appears to be conditioned by life-
history traits, but also to rely on the evolutionary history
of species, as shown by the differences observed between
conifers and angiosperms at both genomic scales. These
differences might by due to the proliferation of large
amounts of non-recombining material, such as transposa-
ble elements, in the conifer genome.
Methods
Database assemblage
The average genome-wide recombination rate was cal-
culated in cM/Mb for 81 plant species from 38 families
including dicots, monocots and conifers. It was deter-
mined based on published estimates of total genetic
map length and physical genome size as described else-
where [19]. Diploid taxa were favoured and, whenever
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possible, domesticated species were joined by at least a
wild relative of the same genus or family. After verifying
that the differences between the recombination rates of
domesticated plants and their wild relatives were not
significant (c29 = 5, P = 0.83), we pooled all the data.
Only those maps covering at least 60% of the genome
were included in the database. Estimates of genetic map
lengths (in cM) were corrected in order to account for
variation in marker density across studies, and for unde-
tected crossovers at distal terminal markers, as sug-
gested elsewhere [19,45,46]. Estimates of physical
genome size were either calculated from the haploid
genome weights available at the Kew Plant C value
Database [47], or retrieved directly from the primary lit-
erature. After classifying each species available according
to its life-form (tree, shrub or herb), the estimates of
mean He at SSR markers were also collected. Microsa-
tellites were preferred to other codominant markers due
to their increasing availability in the literature, to their
putative neutrality and to their association with non-
repetitive DNA in plant genomes, including trees
[48,49]. Only those He values calculated from variation
in at least five microsatellite repeats were included. Esti-
mates based on population studies were favoured, but in
some particular cases where such studies were not avail-
able (e.g. Coffea canephora, Macadamia integrifolia),
values determined from preliminary screen panels had
to be used. The complete database and references to the
primary literature are available in Additional file 1.
Phylogeny estimation, phylogenetic signal and
evolutionary correlations
Species were assembled in a phylogenetic tree with the
program Phylomatic as implemented in Phylocom 3.41
[50]. This program matched the genus and family
names of our 81 taxa with those included in the mega-
tree (R20050610.new) built by the Angiosperm Phylo-
geny Group [51]. The resulting phylogeny was calibrated
using the age estimates from Wikstrom et al. [52] and
adjusted by evenly distributing undated nodes between
the nodes of known age [50].
The presence of a phylogenetic signal for the recombi-
nation rate was determined following the procedure of
Blomberg et al. [53,54]. Briefly, the K statistic and its
associated P-value were estimated from the variance of
standardized contrasts, and compared with those
obtained from a null model performed by reshuffling
the trait values across the tips of the phylogeny. A sig-
nificant phylogenetic signal was inferred at a = 0.05
when the mean observed variance of the contrasts was
lower than 95% of the values produced by the null
model. The phylogenetic independent contrasts were
calculated for both the recombination rate and He by
using the APE package for R [55].
In order to determine the putative correlations
between species ancestry, He and life-form, three inde-
pendent Generalized Linear Models were built. The first
model was a non-phylogenetic (i.e. without taking the
phylogenetic information of species into account) GLM
with a Gaussian distribution of errors, which was made
between the (log-transformed) recombination rate of
species as dependent variable, and their respective He
and life forms as dependent variables. In the second
model, the phylogenetic relationships of species were
incorporated as a correlating matrix, obtained from the
phylogenetic tree above, into the GLM by using the gen-
eralized estimating equation (GEE) procedure. Such a
procedure is generally used to fit the parameters of a
GLM when the observations are correlated or non-inde-
pendent. In our particular case, the common ancestry of
species is a source of non-independence, which was
taken into account with the inclusion of the above-men-
tioned matrix. The third model was similar to the sec-
ond one, but on it, it was assumed that conifers and
angiosperm trees were different “life-forms”. The GEE
procedure used in these last two models was the one
implemented in the APE package [55].
Estimation of recombination rates based on nuclear gene
DNA sequences
Original DNA sequences from nuclear genes of non-
domesticated species were downloaded from GenBank
or obtained directly from the authors (totalling ~2.5
Mbp distributed in 43 genes from eight species), and
edited and aligned with Lasergen SeqMan vs. 7 (DNAS-
TAR, Madison, USA). Domesticated taxa were deliber-
ately excluded because most studies in these species
focused on genes related to domestication, which typi-
cally show low levels of polymorphism and have fol-
lowed artificial selection. Only those sequences spanning
at least 800 base pairs (bp), having a minimum of 10
segregating sites, and sampled for more than 20 chro-
mosomes were taken into account. Similarly, only DNA
sequences from regions with low genetic differentiation
or from single populations were used for those species
with known population structure. For example, only
sequences from Sweden were considered for Populus
tremula or from Balsas for Zea mays ssp. parviglumis.
The aligned contigs were then used to estimate differ-
ent diversity and recombination parameters such as the
average number of nucleotide differences (θπ), the mini-
mum number of recombination events (Rm) [56], the
population-scaled recombination rate (r), and the
recombination to mutation ratio (θ/r). The first two sta-
tistics were computed using DnaSP vs. 4.2 [57], while
two different estimates of r and θ/r were calculated
with the composite-likelihood method of Hudson [58]
implemented in LDhat [59], and with the summary sta-
tistics method available in the rhothetapost software
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[60]. Contrary to the first approach, the summary statis-
tics method allows the co-estimation of mutation and
recombination rates, and the computation of 95% confi-
dence intervals based on the posterior distribution of
these parameters. These analyses were made exclusively
on parsimoniously informative sites, and disregarding
indels and polymorphisms with more than two states.
Raw estimates of nucleotide diversity and recombination
parameters were finally taken from the original refer-
ences for other species such as Quercus crispula [61]
and Hordeum spontaneum [3] and included in the
comparisons.
Additional file 1: Number of chromosomes and estimates of genetic
map length, physical genome size, genome-wide rate of
recombination and mean expected heterozygosity at SSR’s (He) for
81 higher plant species classified according to their type of life-
form. The rates of recombination were corrected following Hall &
Willis (2005).
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-
22-S1.DOC ]
Additional file 2: Comparison of estimates of nucleotide diversity
and recombination rates across different types of wild plant life-
forms based on nuclear gene DNA sequences from population
studies.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-
22-S2.DOC ]
Abbreviations
cM: centimorgan; f: ratio of gene conversion to cross-over; He: mean
expected heterozygosity; Mb: megabase; PIC: phylogenetically independent
contrast; SSR: simple sequence repeats.
Acknowledgements
We thank S Gerardi, LJ Grauke, D Grivet and A Karp for their help in the
database assemblage and for sharing some unpublished data, and to JR
Pannell, M Heuertz, I Gamache and two anonymous reviewers for helpful
comments on a previous version of the manuscript. This research was
supported by grants from the European Union (Evoltree NoE) to SCGM, and
the Spanish Ministry of Science and Innovation (VaMPiro, CGL2008-05289-
C02-01 and 02/BOS) to both MV and SCGM. JPJC is supported by a
postdoctoral ‘Juan de la Cierva’ fellowship from the same ministry.
Author details
1Departamento de Sistemas y Recursos Forestales, Centro de Investigación
Forestal, CIFOR-INIA, Carretera de La Coruña, km 7.5, ES-28040 Madrid, Spain.
2CIDE, Centro de Investigaciones sobre Desertificación (CSIC-UV-GV). Camí de
la Marjal s/n Apartado Oficial. ES-46470 Albal, València, Spain. 3Departamento
de Ecología Evolutiva, Instituto de Ecología, Universidad Nacional Autónoma
de México, Ciudad Universitaria, Tercer circuito Exterior, Apartado Postal 70-
275, México, DF.
Authors’ contributions
JPJ-C conceived the study, collected the data and wrote the manuscript, MV
conceived the study, analysed the data, and edited the manuscript, SCGM
conceived and coordinated the study, analysed the data, and edited the
manuscript. All authors read and approved the final version of the
manuscript.
Received: 30 March 2009
Accepted: 25 January 2010 Published: 25 January 2010
References
1. Wiuf C, Hein J: The coalescent with gene conversion. Genetics 2000,
155:451-462.
2. Gaut BS, Wright SI, Rizzon C, Dvorak J, Anderson LK: Recombination: an
underappreciated factor in the evolution of plant genomes. Nature Rev
Genet 2007, 8:77-84.
3. Morrell PL, Toleno DM, Lundy KE, Clegg MT: Estimating the contribution
of mutation, recombination and gene conversion in the generation of
haplotypic diversity. Genetics 2006, 173:1705-1723.
4. Pyhäjärvi T, García-Gil MR, Knürr T, Mikkonen M, Wachwiack W, et al:
Demographic history has influenced nucleotide diversity in European
Pinus sylvestris populations. Genetics 2007, 177:1713-1724.
5. Brooks LD, Marks RW: The organization of genetic variation for
recombination in Drosophila melanogaster. Genetics 1986, 114:525-547.
6. Koella J: Ecological correlates of chiasma frequency and recombination
index in plants. Biol J Linn Soc 1993, 48:227-238.
7. Ross-Ibarra J: The evolution of recombination under domestication: a test
of two hypotheses. Am Nat 2004, 163:105-112.
8. Ross-Ibarra J: Genome size and recombination in Angiosperms: a second
look. J Evol Biol 2007, 20:800-806.
9. Charlesworth B, Morgan MT, Charlesworth D: The effect of deleterious
mutations on neutral molecular variation. Genetics 1993, 134:1289-1303.
10. Payseur BA, Nachman MW: Microsatellite variation and recombination
rate in the human genome. Genetics 2000, 156:1285-1296.
11. Aquadro CF, Begun DJ, Kindahl EC: Selection, recombination, and DNA
polymorphism in Drosophila. Non-neutral evolution: theories and molecular
data New York: Chapman & HallGolding B 1994, 46-56.
12. Moriyama EN, Powell JR: Intraspecific nuclear DNA variation in Drosophila.
Mol Biol Evol 1996, 13:261-277.
13. Dvorak V, Luo M-C, Yang Z-L: Restriction fragment length polymorphism
and divergence in the genomic regions of high and low recombination
in self-fertilizing and cross-fertilizing Aegilops species. Genetics 1998,
148:423-4347.
14. Kraft T, Säli T, Magnusoson-Rading I, Nilsson N-O, Halldén C: Positive
correlation between recombination rates and levels of genetic variation
in natural populations of sea beet (Beta vulgaris subsp. maritima).
Genetics 1998, 150:1239-1244.
15. Roselius K, Stephan W, Städler T: The relationship of nucleotide
polymorphism, recombination rate and selection in wild tomato species.
Genetics 2005, 171:753-763.
16. Wiehe T: The effect of selective sweeps on the variance of the allele
distribution of a linked multiallele locus: hitchhiking of microsatellites.
Theor Popul Biol 1998, 53:272-283.
17. Tenaillon MI, Sawkins MC, Anderson LK, Stack SM, Doebley J, et al: Patterns
of diversity and recombination along chromosome 1 of maize (Zea
mays ssp. mays L.). Genetics 2002, 162:1041-1413.
18. Jensen-Seaman MI, Furey TS, Paysur BA, Lu YT, Roskin KM, Chen CF,
Thomas MA, Haussler D, Jacob HJ: Comparative recombination rates in
the rat, mouse, and human genomes. Genome Res 2004, 14:528-538.
19. Dumont BL, Payseur BA: Evolution of the genomic rate of recombination
in mammals. Evolution 2008, 62:276-294.
20. Copenhaver GP, Housworth EA, Stahl FW: Crossover interference in
Arabidopsis. Genetics 2002, 160:1631-1639.
21. Sánchez-Moran E, Armstrong SJ, Santos JL, Franklin SC, Jones GH: Chiasma
formation in Arabidopsis thaliana accession Wassileskija and in two
meiotic mutants. Chromosome Res 2001, 9:121-129.
22. Hamrick JL, Godt MJW, Sherman-Broyles SL: Factors influencing levels of
genetic diversity in woody plant species. New Forests 1992, 6:95-124.
23. Nybon H: Comparison of different nuclear DNA markers for estimating
intraspecific genetic diversity in plants. Mol Ecol 2004, 13:1143-1155.
24. Savolainen O, Pyhäjärvi T: Genomic diversity in forest trees. Curr Opin
Plant Biol 2007, 10:162-167.
25. Verdú M: Age at maturity and diversification in woody angiosperms.
Evolution 2002, 56:1352-1361.
26. Smith SA, Donoghue MJ: Rates of molecular evolution are linked to life
history in flowering plants. Science 2008, 322:86-89.
27. Gaut BS, Muse SV, Clark WD, Clegg MT: Relative rates of nucleotide
substitution at the rbc L locus of monocotyledonoeus plants. J Mol Evol
1992, 34:292-303.
Jaramillo-Correa et al. BMC Evolutionary Biology 2010, 10:22
http://www.biomedcentral.com/1471-2148/10/22
Page 9 of 10
28. Grotkopp E, Rejmánek M, Sanderson MJ, Rost TL: Evolution of genome size
in pines (Pinus) and its life-history correlates: supertree analyses.
Evolution 2004, 58:1705-1729.
29. Dirlewanger E, Graziano E, Joobeur T, Garriga-Calderé F, Cosson P,
Howad W, Arús P: Comparative mapping and marker-assisted selection
in Rosaceae fruit crops. Proc Natl Acad Sci USA 2004, 101:9891-9896.
30. Pelgas B, Beauseigle S, Acheré V, Jeandroz S, Bousquet J, Isabel N:
Comparative genome mapping among Picea glauca, P. mariana × P.
rubens and P. abies, and correspondence with other Pinaceae. Theor Appl
Genet 2006, 113:1371-1393.
31. Petit RJ, Hampe A: Some evolutionary consequences of being a tree.
Annu Rev Ecol Evol Syst 2006, 37:187-214.
32. Grant V: Genetics of flowering plants New York: Columbia Universiy Press
1975.
33. Levin DA, Wilson AC: Rates of evolution in seed plants: net increase in
diversity of chromosome numbers and species numbers through time.
Proc Natl Acad Sci USA 1976, 73:1086-2090.
34. Brown GR, Gill GP, Kuntz RJ, Langley CH, Neale DB: Nucleotide diversity
and linkage disequilibrium in loblolly pine. Proc Natl Acad Sci USA 2004,
101:15255-15260.
35. Plagnol V, Pagdhukasahasram B, Wall JD, Marjoram P, Nordborg M: Relative
influences of crossing over and gene conversion on the pattern of
linkage disequilibrium in Arabiodopsis thaliana. Genetics 2006,
172:2441-2448.
36. Marais G: Biased gene conversion: implications for genome and sex
evolution. Treds Genet 2003, 19:330-338.
37. Lynch M, Hill WG: Phenotypic evolution by neutral mutation. Evolution
1986, 40:915-935.
38. Lercher MJ, Hurst LD: Human SNP variability and mutation rate are
higher in regions of high recombination. Trends Genet 2002, 18:337-340.
39. Rattray AJ, Strathern JN: Error-prone DNA polymerases: when making a
mistake is the only way to get ahead. Annu Rev Genet 2003, 37:31-66.
40. Rafalski A, Morgante M: Corn and humans: recombination and linkage
disequilibrium in two genomes of similar size. Trends Genet 2004,
20:103-111.
41. Morgante M: Plant genome organisation and diversity: the year of the
junk!. Curr Opin Biotech 2006, 17:168-173.
42. Bouillé M, Bousquet J: Trans-species shared polymorphisms at
orthologous nuclear gene loci among distant species in the conifer
Picea (Pinaceae): implications for the long-term maintenance of genetic
diversity in trees. Am J Bot 2005, 92:63-73.
43. Heuertz M, De Paoli E, Källman T, Larsson H, Jurman I, et al: Multilocus
patterns of nucleotide diversity, linkage disequilibrium and demographic
history of Norway spruce [Picea abies (L.) Karst.]. Genetics 2006,
174:2095-2105.
44. Wright SI, Foxe JP, DeRose-Wilson L, Kawabe A, Looseley M, Gaut BS, et al:
Testing for the effects of recombination rate on nucleotide diversity in
natural populations of Arabidopsis lyrata. Genetics 2006, 174:1421-1430.
45. Chakravarti AL, Lasher LK, Reefer JE: A maximum-likelihood method for
estimating genome length using genetic linkage data. Genetics 1991,
128:175-182.
46. Hall MC, Willis JH: Transmission ratio distortion in intraspecific hybrids of
Mimulus guttatus: implications for genomic divergence. Genetics 2005,
170:375-386.
47. Bennett M, Leitch I: Plant DNA C-values database. V. 4.0. 2005http://www.
kew.org/cval/homepage.html.
48. Morgante M, Hanafey M, Powell W: Microsatellites are preferentially
associated with non-repetitive DNA in plant genomes. Nature Genet 2002,
30:194-200.
49. Scotti I, Burelli A, Cattonaro F, Chagné D, Fuller J, et al: Analysis of the
distribution of marker classes in a genetic linkage map: a case study in
Norway spruce (Picea abies Karst). Tree Genet Genome 2005, 1:93-102.
50. Webb CO, Ackerly DD, Kembel SW: Phylocom. Software for the analysis of
community phylogenetic structure and character evolution with
phylogeny tools. 2005http://www.phylodiversity.net/phylocom.
51. Stevens PF: Angiosperm phylogeny website. Version 6. 2005http://www.
mobot.org/MOBOT/research/APweb/.
52. Wikstrom N, Savolainen V, Chase MW: Evolution of the angiosperms:
calibrating the family tree. Proc R Soc Biol Sci B 2001, 268:2211-2220.
53. Blomberg SP, Garland T Jr: Tempo and mode in evolution: phylogenetic
inertia, adaptation and comparative methods. J Evol Biol 2002, 15:899-910.
54. Blomberg SP, Garland T Jr, Ives AR: Testing for phylogenetic signal in
comparative data: behavioural traits are more labile. Evolution 2003,
57:717-745.
55. Paradis E, Claude J: Analysis of comparative data using generalized
estimating equations. J Theor Biol 2002, 218:175-185.
56. Hudson RR, Kaplan NL: Statistical properties of the number of
recombination events in the history of a sample of DNA sequences.
Genetics 1985, 111:147-164.
57. Rozas J, Sánchez-DelBarrio JC, Messeguer X, Rozas R: DnaSP, DNA
polymorphism analyses by the coalescent and other methods.
Bioinformatics 2003, 19:2496-2497.
58. Hudson RR: Two-locus sampling distributions and their application.
Genetics 2001, 159:1805-1817.
59. McVean G, Awadalla P, Fearnhead P: A coalescent-based method for
detecting and estimating recombination from gene sequences. Genetics
2002, 160:1231-1241.
60. Haddrill PR, Thornton KR, Charlesworth B, Andolfatto P: Multilocus patterns
of nucleotide variability and the demographic and selection history of
Drosophila melanogaster populations. Genome Res 2005, 15:790-799.
61. Quang ND, Ikeda S, Harada K: Nucleotide variation in Quercus crispula
Blume. Heredity 2008, 101:166-174.
doi:10.1186/1471-2148-10-22
Cite this article as: Jaramillo-Correa et al.: The contribution of
recombination to heterozygosity differs among plant evolutionary
lineages and life-forms. BMC Evolutionary Biology 2010 10:22.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Jaramillo-Correa et al. BMC Evolutionary Biology 2010, 10:22
http://www.biomedcentral.com/1471-2148/10/22
Page 10 of 10
